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NA!I!IONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D- 1890 

MEASUREMEWC OF THE HEAT TRANSFER TO BODIES OF REVOLUTION 

I N  FREE FLIGHT BY USE O:F A CATCHER CALORIMETER 

By Gary IF. Chapman and Charles T .  Jackson, Jr. 

SUMMARY 

A new experimental technique has been used t o  study t h e  t o t a l  heat t r a n s f e r  
t o  a hemisphere and a blunted cone. 

Aluminum models were gun-launched a t  speeds up t o  11,000 f p s ,  allowed t o  
decelerate  aerodynamically t o  a few hundred f e e t  per second, and caught, and the  
t o t a l  aerodynamic heat input w a s  measured i n  the  recovered models with a 
calorimeter.  

These measurements showed t h a t  f o r  t h e  t r a j e c t o r i e s  flown, t h a t  port ion of 
t h e  i n i t i a l  k i n e t i c  energy which goes i n t o  heating the  body w a s  l a r g e r  f o r  the  
configuration with the  srmller drag. 
of the  t r a j e c t o r i e s  t raversed,  yielding heat- t ransfer  r a t e s  as a f i n c t i o n  of 
veloci ty .  These r a t e s  f o r  t h e  various configurations were compared with one 
another and again showed t h a t  the  configuration with t h e  higher drag had the  
lower heating rates. Further,  the  experimental heating r a t e s  f o r  the hemisphere 
agreed w e l l  with t h e  t h e o r e t i c a l  convective heating of the  f r o n t  face.  

The data were fur ther  analyzed on t h e  b a s i s  

INTRODTJCTION 

Although b a l l i s t i c  ranges have been used t o  measure a wide var ie ty  of 
aerodynamic propert ies  of f r e e - f l i g h t  models, they have seen comparatively l i t t l e  
use f o r  measurement o f  convective heating. The r a t h e r  obvious reason f o r  t h i s  i s  
t h a t  it i s  d i f f i c u l t  .to determine accurately,  by ex terna l  observations, the  rate 
of temperature r i s e  o.E the model surface,  e i t h e r  grossly or i n  d e t a i l .  Although 
considerable e f f o r t  has been made t o  develop miniature telemeter systems f o r  t h i s  
use,  t h e  comparatively l i t t l e  data  which has been obtained ind ica tes  the d i f f i -  
cu l ty  of t h i s  approach, p a r t i c u l a r l y  a t  the  high speeds where t h e  heat t r a n s f e r  
i s  of most i n t e r e s t .  
i n  reference 1. 
an e l e c t r i c  current i n  a c o i l  inside t h e  model, t h e  s t rength of t h e  current being 

One system which has been used successfully i s  described 
It makes use of a thermocouple i n  the  model nose t o  generate 



proportional t o  the  temperature r i s e  of t he  thermocouple. 
an ex terna l  magnetic f i e l d  which i s  measured by detect ing c o i l s  a t  several  
s ta t ions  of the range t o  indicate  the  rate of heating. 

The current generates 

This paper presents  a d i f f e ren t  approach t o  the  measurement of convective 
heating i n  a b a l l i s t i c  range, which w a s  o r ig ina l ly  suggested t o  the authors by 
M r .  Alvin Seiff .  The method i s  based on the  recovery a t  low speeds of a t e s t  
model a t  the  end of a f l i g h t ,  after it has been decelerated from a high i n i t i a l  
veloci ty  by aerodynamic drag. The heat content of the  recovered model i s  accu- 
r a t e l y  measured i n  a calorimeter,  and from a series of such shots a t  various 
launch ve loc i t i e s ,  t he  measurements can be analyzed t o  y ie ld  values of heat- 
t r ans fe r  ra tes ,  averaged over t he  wetted a rea ,  as a function of veloci ty .  

The purpose of t h i s  repor t  i s  twofold: F i r s t ,  t o  present t h i s  new experi-  
mental method and t o  check t h e  r e s u l t s  of t he  method fo r  the  case of a hemisphere 
against  proven t h e o r e t i c a l  r e su l t s ;  second, t o  make comparison of the  convective 
heat- t ransfer  cha rac t e r i s t i c s  of a hemisphere, and a round-nosed cone of 60' 
included angle.  

SYMBOLS 
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Qaero 

i a v  

mximum cross- sec t iona l  area 

wetted area 

spec i f ic  heat of t h e  model material 

t o t a l  drag coef f ic ien t  

diameter of t he  model 

enthalpy 

constants of propor t iona l i ty  

Mach number 

model mass 

exponent i n  equation ( 5 )  

t o t a l  aerodynamic heat t r ans fe r  

energy added t o  calorimeter 

heat- t ransfer  rate defined by equation ( 4 )  

l o c a l  heat- t ransfer  rate 
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temperature of t he  calorimeter 

temperature of t he  model 

time 

ve loc i ty  

dis tance along the  f l i g h t  path 

densi ty  of the air 

coe f f i c i en t  of v i scos i ty  

angle of a t t ack  

Subscript s 

conditions j u s t  p r i o r  t o  enter ing catcher 

conditions p r i o r  t o  launch 

launch conditions 

conditions bl3hind normal shock 

recovery conditions 

s tagnat ion conditions 

wall (model ;surface) conditions 

f ree-  stream conditions 



TEST TECHNIQUE 

Since t h e  experimental technique presented i n  t h i s  report  i s  new, it w i l l  
f i rs t  be described i n  general  and then the  more important fea tures  w i l l  be 
discussed i n  d e t a i l .  

me t e s t  setup i s  shown s c h e m t i c a l l y  i n  f igure  1. A model, held i n  a 
p l a s t i c  holder ca l led  a sabot,  i s  launched from a gun. The model, a f t e r  being 
s t r ipped of i t s  sabot,  e n t e r s  t h e  b a l l i s t i c  range and i s  photographed a t  spark 
shadowgraph s t a t i o n s  while decelerat ing.  The model sca le ,  model material, air 
density,  and range length a r e  selected so t h a t  the  model slows t o  a speed of a 
few hundred f e e t  per second before enter ing t h e  catcher .  The model then pierces  
sheets of paper, decelerates  t o  zero forward ve loc i ty ,  and fa l l s  through a paper 
f’unnel i n t o  a calorimeter where the  t o t a l  heat i s  measured. 

A s  the  model decelerates ,  a major port ion of i t s  k i n e t i c  energy hea ts  t h e  
surrounding a i r  v i a  the  strong bow shock wave; the  remaining k i n e t i c  energy i s  
del ivered t o  t h e  boundary layer  v ia  skin f r i c t i o n  and t o  the  model surface by 
conduction and convection. A t  the  beginning of t h e  f l i g h t ,  the  rate of deceler- 
a t ion ,  and therefore  t h e  r a t e  of energy lo s s ,  i s  high, causing a high heating 
r a t e .  A s  the  model progresses downrange, the  decelerat ion and the  heating r a t e  
t o  t h e  model decrease. Shown i n  f igure  2 a r e  t y p i c a l  examples of a calculated 
heating-rate h i s t o r y ,  an integrated heating h is tory ,  and a calculated ve loc i ty  
h i s t o r y  f o r  t h e  case of a l /b-inch aluminum hemisphere a t  sea-level conditions.  
The heat- t ransfer  rate, LV, shown i n  t h i s  f i g u r e ,  i s  the  surface-averaged heat- 
t r a n s f e r  r a t e .  A l l  of these curves have been normalized by an appropriate maxi- 
mum value. It can be seen from t h i s  f igure  t h a t  the  major port ion of the  heating 
occurs when the  veloci ty  i s  s t i l l  r e l a t i v e l y  high. The experimental measurements 
were used t o  determine instantaneous heating r a t e s  from the  var ia t ion  of t o t a l  
heat t r a n s f e r  with model ve loc i ty .  

TEST EQUIPMENT 

G u n s  

Two d i f f e r e n t  types of guns were used t o  span the  veloci ty  range covered by 
the present t e s t s :  
7,000 f t / s e c  and a single-stage shock-heated l ight-gas  gun f o r  extending the 
data t o  11,000 f t / s e c .  
inside diameter of 0.50 inch. 

a powder-gas gun f o r  obtaining the  data  up t o  a ve loc i ty  of 

Each gun had a smooth-bore launch b a r r e l  with a nominal 

Models, Sabots, and Gas Seals 

The geometry and dimensions of the  models used i n  t h e  present t e s t s  a r e  
shown i n  f igure  3. 
The surface f i n i s h  w a s  s u f f i c i e n t l y  smooth t o  maintain laminar flow, a t  l e a s t  t o  

The models a r e  machined from s o l i d  7075-T6 aluminum a l l o y .  
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the  model base. The diameters and mater ia l  were selected t o  allow t h e  model t o  
decelerate a t  1 atmosphere pressure from 11,000 f t / s e c  t o  about 500 f t / s e c  i n  
the  200-foot length o:f t h e  range. 
configuration i s  show:n with i t s  associated sabot.  

I n  f igure  4 a t y p i c a l  model of each 

Each sabot, i n  addi t ion t o  i t s  usual functions of supporting the  model 
during the  launch and providing a s e a l  between model and launch b a r r e l ,  w a s  
designed t o  a c t  as a thermal protector  against  th ree  sources of heating - b a r r e l  
f r i c t i o n ,  compressed gas i n  f ront  of the  sabot, and dr iver  gas behind the  sabot.  
The protect ion provided by the  sabot alone against  the  dr iver  gas w a s  found t o  
be inadequate; the  extreme pressure apparently forced hot gas down the  par t ing  
planes of t h e  sabot, causing severe heating of t h e  model (see f i g .  5(a) f o r  a 
drawing of a sabot ) .  This leakage w a s  prevented by a separate gas s e a l  behind 
t h e  sabot, the  one-piece polyethylene gas s e a l  shown i n  f igure  5 ( b ) .  
heat protect ion consis t ing of several  d i scs  of 1 mil qylar was placed against  
t h e  base of t h e  models. 

Additional 

Pressurized B a l l i s t i c  Range 

The pressurized b a l l i s t i c  range i s  a 200-foot-long, 10-foot-diameter 
pressure vesse l  i n t e r n a l l y  instrumented with conical- l ight  shadowgraph s t a t i o n s  
a t  various i n t e r v a l s  along the  f l i g h t  path.  Fir ing times of t h e  shadowgraph- 
s t a t i o n  sparks a r e  recorded with counter chronographs, so t h a t  the deceleration 
h i s t o r y  of t h e  model can be determined. The shadowgraph p ic tures  a l s o  provide 
angle-of-attack h i s t o r y  and flow v isua l iza t ion .  Typical shadowgraphs of each of 
the  models t e s t e d  a r e  shown i n  f igure  6. 

Catcher and Funnel 

The catcher w a s  Cesigned t o  stop models f l y i n g  st subsonic speed, i n t a c t  
and without appreciab1.y a l t e r i n g  t h e i r  t o t a l  heat content. 
of 45-50 sheets of bui.lding paper (Federal spec i f ica t ion  UU-P-271-Type C ) ,  hung 
on a rack. 
f r e e l y  between any two sheets i n t o  the funnel.  

The catcher consisted 

Sheets were spaced about 3/4 inch apar t  so  the  model could f a l l  

The funnel w a s  formed of heavy brown wrapping paper with steep sides and 
squared corners. 
model t o  s p i r a l  down the  funnel, which would increase t h e  t r a n s i t  time and permit 
addi t iona l  heat l o s s  from the  model t o  t h e  funnel and t h e  a i r .  The heat l o s s  
during t r a n s i t  through the  catcher and funnel w a s  small but measurable. A dis-  
cussion of t h i s  loss  i s  given i n  appendix A.  

The purpose of t h i s  design w a s  t o  reduce t h e  tendency of the  
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Calorimeter 

The calorimeter employed w a s  designed spec i f i ca l ly  fo r  t h i s  appl ica t ion .  
A de ta i led  descr ipt ion and the  method of ca l ib ra t ion  a r e  given i n  appendix B. 

The u n i t  shown i n  f igu re  7 cons is t s  of a t h i n  s i l v e r  cup i n t o  which the  
model drops, a la rge  heat sink which absorbs the  heat  of t he  model and serves as 
a thermocouple cold junction, and a conduction path between the  s i l v e r  cup and 
the  heat sink. The cup and the  heat sink a r e  each instrumented with 7 iron- 
,constantan thermocouples. 
nected i n  s e r i e s  with s i x  f r o m t h e  cup, forming a thermopile whose output i s  
proportional t o  the  temperature difference between the  cup and the  heat sink. 
This output, i n  m i l l i v o l t s ,  i s  recorded on a s t r i p  char t  recorder.  The remaining 
thermocouples, one i n  the  cup and one i n  t h e  heat sink, a re  used t o  record 
absolute temperatures. 

Six of t h e  thermocouples f r o m t h e  heat sink a r e  con- 

Shown i n  f igure  8 i s  a t y p i c a l  output s igna l  from the  calorimeter thermopile 
Since, as discussed i n  appendix B, t h i s  s igna l  represents  the  temperature d i f -  
ference,  AT, between a heat  source and a heat sink connected by a conduction 
path,  t h e  heat input ,  AQ, t o  t he  calorimeter i s  proport ional  t o  the  a rea  under 
the  AT versus time curve; t h a t  i s ,  

AQ = K l l m A T  d t  

where K1 i s  a constant of propor t iona l i ty .  The constant K 1  w a s  determined 
from p r io r  ca l ib ra t ion  of t he  calorimeter and w a s  found t o  be independent of 
model geometry, model or ien ta t ion  i n  the  cup, and nonuniform temperature d i s t r i -  
bution i n  the  model. 

An electromechanical in tegra tor  w a s ,  f o r  convenience, used t o  obtain the  
area under t h e  temperature-time curve, i t s  input s igna ls  being "picked of f"  t he  
s t r i p  char t  recorder .  
t o  be possible  with t h i s  equipment. 
and accurate calorimeter made the  t e s t s  possible  s ince,  as w i l l  be noted i n  l a t e r  
sect ions,  heat  quan t i t i e s  t o  be measured i n  the  t e s t s  were i n  the  range from 
0 . 0 0 1 t o  0.01 Btu. 

Measurements of heat  inputs  as low as 10-5 Btu were found 
The development of t h i s  highly sens i t ive  

DATA REDUCTION AND ERROR ANALYSIS 

Reduction of Total  Heat-Transfer Data 

The reduction of t he  t o t a l  hea t - t ransfer  data  proceeds from an  energy 
The thermal energy, AQ, added t o  the  calorimeter by the  model i s  balance. 

obtained d i r e c t l y  from the  a rea  under the  
e t e r  and the  ca l ib ra t ion  constant K 1 .  This increment of energy, AQ, cons is t s  

AT versus time curve of t h e  calorim- 
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of two p a r t s ,  t he  energy due t o  aerodynamic heating, &ero, and the  energy due 
t o  possible  differences i n  the  energy l e v e l s  of t h e  model and the calorimeter 
p r io r  t o  lauching of -the model. The increment i n  energy, AQ, can be expressed 
i n  equation form, as 

AQ = G e r o  + m C ( T m i  - Tci) ( 3 )  

where m i s  the  mss of the  model, c i s  the  spec i f ic  heat of t h e  model. material, 
and Tmi  and Tci 
t i v e l y .  I n  equation i(2) no extraneous sources of heat a r e  assumed. 
t i o n  w a s  found t o  be good i f  proper precautions were taken. 
t h e  d e t a i l s  of these  precaut ions.)  Solving equation (2)  for &ero y ie lds  

a r e  the  prelaunch model and calorimeter temperatures, respec- 
This assump- 

(See appendix A f o r  

Q e r o  = AQ mc(Tmi - Tci) (3) 

The las t  term on the  r i g h t ,  which represents  t he  correct ion f o r  differences i n  
energy l e v e l s  of t he  model and calorimeter,  w a s  general ly  l e s s  than 10 percent 
of Qero. 
t o  t h e  launching, a sa t i s f ac to ry  assumption if  t he  model i s  allowed t o  come t o  
thermal equilibrium with t h e  gun. This w a s  insured by loading t h e  model i n t o  the  
gun at  least one hour p r i o r  t o  launch. 

The temperature of t h e  model w a s  taken as the  gun temperature p r i o r  

Conver s ion of Total  Heat- Transfer Measurements 
t o  Instantaneous Heating Rates 

The t o t a l  hea t ,  determined from t h e  calorimeter,  t r ans fe r r ed  t o  the  model 
during f l i g h t ,  Gero, may be fur ther  analyzed, by an in tegra t ion  technique, t o  
obtain t h e  instantaneous average hea t - t ransfer  r a t e  over t he  surface as a function 
of veloc i ty .  "he inst.zntaneous average heating r a t e ,  Qv, w i l l  be defined as 

where { L  i s  t h e  1oca:L hea t - t ransfer  r a t e ,  and AW i s  the  wetted area of t h e  
body. The funct ional  re la t ionship  between Lv, free-  stream densi ty ,  and 
ve loc i ty  i s  assumed t o  be similar t o  the  one discussed i n  reference 2 .  This 
re la t ionship  i s  

L v  = K 2 E  v," ( 5 )  

where p, i s  the  free-stream densi ty ,  r i s  a reference length (e .g . ,  radius  of 
curvature a t  the stagna,tion p o i n t ) ,  V, i s  t h e  f l i g h t  speed, and K2 and n are 
constants  t o  be determi.ned. 
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The t o t a l  aerodynamic heat t r a n s f e r  t o  a model during a given t r a j e c t o r y  
can be expressed as 

where t i s  the  time of f l i g h t .  

From t h e  equation of motion, we obtain 

Equations ( 3 ) ,  (6), and (7)  may be combined as 

Since the  veloci ty  h i s t o r y  and drag coef f ic ien t  a r e  known, evaluation of t h e  
i n t e g r a l  depends only on se lec t ion  of 
of Qero 
t e s t  shots a t  d i f f e r e n t  launch v e l o c i t i e s .  The procedure f o r  se lec t ing  n and K2 
t o  obtain a b e s t  f i t  t o  t h e  experimental data  i s  given i n  appendix C .  

n and K2 t o  give a funct ional  dependence 
on launch ve loc i ty  which matches t h a t  recorded experimentally from 

The analysis  described above works very wel l  i f  both K2 and n a r e  constant 
or very nearly constant over t h e  t ra jec tory ;  however, t h i s  i s  t r u e  only f o r  t h e  
case of near-zero angle of a t tack  or where the  heating r a t e  i s  independent of the  
angle of a t tack  and when the  surface temperature i s  small compared t o  t h e  recov- 
e ry  temperature. 
of the f l i g h t  during which the  major port ion of the  heating occurred. 

These conditions were found t o  be s a t i s f i e d  for  that port ion 

Determination of Launch Velocity and Drag 

Launch ve1ocitx.- The launch veloci ty  (i .e. ,  ve loc i ty  a t  t h e  muzzle of t h e  
gun) was deduced by extrapolat ion of v e l o c i t i e s  measured, a t  s t a t i o n s  located 
14 t o  20 f e e t  from the  gun muzzle, back t o  the  gun muzzle. 
w a s  based on experimental drag coef f ic ien ts  and t h e  equation of motion along the  
f l i g h t  path,  which i n  one form i s  

This extrapolat ion 
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Drag.- Equation (9) w a s  used t o  deduce the  drag data  presented i n  the  report  
f rom t h e  ve loc i ty  h i s to ry  obtained from the  f i r s t  seven shadowgraph s t a t i o n s .  
The drag coeff ic ient ; ,  CD, w a s  assumed t o  be constant l oca l ly .  
then in tegra ted  d i r e c t l y  .to y ie ld  

Equation (9) w a s  

l n V = -  cDx + Constant 
2m 

The logarithm of t h e  measured ve loc i ty ,  V, was p lo t t ed  versus 
slope of t h i s  curve :is proportional t o  
Acp,/2m, i s  known. lk tens ion  of t he  curve (which, i n  general ,  i s  a s t r a i g h t  l i n e )  
back t o  t he  pos i t ion  of t he  gun muzzle gives t h e  ve loc i ty  of t h e  model a t  launch. 

x and the  l o c a l  
CD. The constant of propor t iona l i ty ,  

Err or Analys i s 

The accuracy of t h e  t o t a l  hea t - t ransfer  measurements depends upon the  
accuracy of t he  calorimeter system and t h e  magnitude of extraneous heat sources 
and s inks.  The calorimeter has a maximum e r r o r  of 23 percent of t he  t o t a l  heat- 
t r ans fe r  measurement (determined from ca l ib ra t ion )  . 
neous heating were considered; l i s t e d  below a r e  t h e  most s ign i f i can t  ones along 
with t h e i r  estimated s i z e .  

Several sources of extra- 

kakage  of hot; d r iver  gas t o  model +O$ -2% of %era 
Heating and/or cooling i n  the  catching process ~ M O - ~  Btu 

The method of estimating the  s i ze  of these  e r r o r s  can be found i n  appendix A. 
The sum of the  estirmted errors i n  t he  t o t a l  heat measurements i s  l i s t e d  below 
f o r  th ree  d i f f e r e n t  v e l o c i t i e s .  

Err or 
range, Launch 

percent  ve loc i ty  
\ 

Hemisphere and 
60' blunted cone 

+13 -15 
+a -10 Total aerod.ynamic 

heating, Qaero +6 -a 10,000 

Because of t h e  method of data  reduction used, it i s  d i f f i c u l t  t o  estimate 
the  accuracy of t he  heating rates, Lv. 
larger  than the  maximum e r r o r  i n  t he  t o t a l  hea t - t ransfer  measurements. A s  w i l l  
be shown l a t e r ,  t he  agreement between the  heat ing rates obtained by t h e  present 
technique and with well-established theory,  for t h e  case of a hemisphere, which 
i s  f o r  a l l  p r a c t i c a l  purposes a proof configuration, i s  near t he  mximum e r r o r  
i n  t he  t o t a l  heating measurements. It should be pointed out t h a t  one should be 
careful. i n  extrapolat ing t h e  heating r e s u l t s  outside of t h e  range of launch 
ve loc i t i e s  considered. 

The maximum expected e r r o r  could be 
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The estimated accuracy of measured drag coef f ic ien t  and launch ve loc i ty  i s  
1 percent.  

TEST CONDITIONS 

All of the  t e s t s  of t h e  present report  were conducted a t  sea- level  
atmospheric conditions.  
Reynolds number and angle of a t t ack  can have a la rge  influence on heat t r a n s f e r ,  
these  quan t i t i e s  w i l l  be discussed below. 

The t e s t  conditions a re  l i s t e d  i n  t ab le  I. Since 

Reynolds Number 

Because the  t e s t s  were made a t  constant densi ty  over deceleration-type 
t r a j e c t o r i e s ,  t h e  free-stream Reynolds number, L, varied d i r e c t l y  with t h e  
instantaneous ve loc i ty  as follows: 

R, = 6.23 V,dx103 (11) 

where V, 
diameter i n  f e e t .  
0.02083 f t  (0.250 inch) ,  t h e  Reynolds nwriber i s  approximately 1.43 mil l ion .  

i s  the  f l i g h t  ve loc i ty  i n  f e e t  per second, and i s  t h e  reference 
A t  a muzzle ve loc i ty  of 11,000 f t / s e c  and a diameter of 

One form of t h e  Reynolds nuniber, which i s  usefh l  i n  cor re la t ing  heat- 
t r ans fe r  r e s u l t s ,  i s  very near ly  constant over t he  major por t ion  of t he  t r a j e c -  
to ry ,  t h a t  i s ,  Rns, based on t h e  proper t ies  behind a normal shock and a referencc 
diameter. I n  the  present t e s t s  Rns var ied between 0.23 mill ion and 0.29 
mill ion for t he  hemisphere and between 0.18 mil l ion and 0.23 mill ion f o r  t h e  60' 
blunted cone, f o r  t h e  range of launch ve loc i t i e s  considered i n  t h i s  r epor t .  

Angle of Attack 

In  b a l l i s t i c  t e s t i n g  t h e  angle of a t t ack  cannot be accurately control led,  
but  depends on random f a c t o r s  such as t h e  separat ion in te rac t ions  of t h e  model 
and sabot.  
yielded small i n i t i a l  angles of a t t a c k .  This w a s  achieved f o r  t h e  case of t h e  
60° b l m t e d  cone and w a s  p a r t i a l l y  successful  f o r  t h e  hemisphere. 
sphere w a s  a l e s s  c r i t i c a l  case because the  heat t r a n s f e r  i s  nearly independent 
of angle of a t t ack ,  a t  least f o r  angles l e s s  than l5O.) 

For present purposes, model-sabot combinations were sought which 

(The hemi- 
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RESULTS A?JD DISCUSSION 

Heat -Transf e r  Results 

Because the  experimental technique used t o  obtain the  data  i n  t h i s  repor t  
i s  new, t h e  heat- t ransfer  r e s u l t s  w i l l  be presented i n  the  following order.  
F i r s t ,  t h e  measured total-  hea t - t ransfer  data w i l l  be presented. 
data  f o r  t he  hemisphere, which i s  considered t o  be a tes t  case f o r  t he  new 
technique, w i l l  be discussed and compared t o  es tabl ished theory.  
remainder of t h e  r e s u l t s  w i l l  be reduced t o  surface average heating rates and 
put  i n  dimensionless form. 

Second, t he  

Third, t he  

Total  heat t r ans fe r . -  Figure 9 shows the  t o t a l  heat Qaero t r ans fe r r ed  t o  
the  various models t e s t e d  as a funct ion of launch ve loc i ty .  
a l s o  tabulated i n  ta'ble 2:. 

These r e s u l t s  are 

Comparison of t he  hemisphere r e s u l t s  with theory.- won  applying the  data  
reduction method described e a r l i e r  t o  t h e  t o t a l  hea t - t ransfer  r e s u l t s  and using 
experimental drag coef f ic ien ts ,  t o  be presented la ter ,  we obtain hea t - t ransfer  
rates i n  the  form 

where t h e  values of 
t e s t s  and are l i s t e d  i n  t ,able 11. 

K2 and n were determined from the  data of t h e  present 

Shown i n  f igu re  10 are t h e  heat ing-rate  r e s u l t s  f o r  t he  hemisphere. For 
comparison, t h e o r e t i c a l  ca lcu la t ions  a t  Mach numbers 4 and 6 by the  method of 
St ine and Wanless ( r e f .  3 )  a r e  presented. These t h e o r e t i c a l  r e s u l t s  a r e  indi-  
cated by t h e  c i r c l ed  poin ts .  Further t h e o r e t i c a l  ca lcu la t ions  were made using 
the  stagnation-point resu . l t s  of Fay and Riddel l  ( r e f .  4) and the  d i s t r ibu t ions  
from the method of reference 3. 
t o  be drawn through :;he speed range shown. 
f o r  t h e  case of zero base heat transfer.) 
with theory i s  very good. 
t h e  case of t h e  Fay and Riddel l  stagnation-point p lus  St ine and Wanless d i s t r i -  
but ion,  t h e  neglected base heating i s  i n  a d i r ec t ion  t o  improve the  agreement. 
Also shown i s  the  stagnation-point hea t - t ransfer  rate calculated by the  method 
of reference 4 upon which the  second t h e o r e t i c a l  es t imates  were based. 

Calculation for severa l  po in ts  allowed a curve 
( A l l  t h e o r e t i c a l  calculat ions are 

It can be seen t h a t  t he  agreement 
The differences a r e  no grea te r  than 19 percent and i n  

Fract ion of k ine t i c  energy l o s s  converted t o  aerodynamic heat input t o  
model.- A d i r e c t  comparison of t h e  t o t a l  heat absorbed by the  various configu- 
r a t i o n s  i s  not meaningful because t h e  configurations have d i f f e ren t  values of 
t h e  b a l l i s t i c  paramet;er (m/C&). It can be an t ic ipa ted ,  however, t h a t  t o  a 
f i rs t  order of approximation t h e  heat absorbed by a given configuration, decel- 
e r a t ing  between f ixed  ve loc i ty  limits, should vary d i r e c t l y  with the  k i n e t i c  
energy loss  of t h e  model. 
k i n e t i c  energy a t  launch, which i s  approximately equal t o  the  k i n e t i c  energy loss ,  
i s  p lo t t ed  i n  f igu re  ll(a) as a funct ion of launch ve loc i ty .  

The t o t a l  aerodynamic heat input divided by t h e  

Here it can be 
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seen t h a t  the  configuration with higher t o t a l  drag coef f ic ien t ,  the  hemisphere, 
receives a smaller f r ac t ion  of t he  avai lable  k ine t i c  energy a s  heat t ransfer red  

reference 5 .  The unfavorable t rend  of t he  increased f r ac t ion  of k ine t ic  energy 
resu l t ing  i n  heating of the  60' blunted cone i s  due t o  the  f a c t  t h a t  t he  drag 
coeff ic ient  i s  decreasing with increasing ve loc i ty .  

I t o  the  vehicle .  This i s  consis tent  with arguments advanced by Allen and Eggers, 

I n  f igure  l l ( b )  are shown the  same basic  r e s u l t s  normalized by the  square 
root of t he  Reynolds number based on flow proper t ies  behind the  normal shock. 
Plot ted i n  t h i s  manner the  data  a re  more e a s i l y  used t o  calculate  heating loads 
a t  other t e s t  conditions.  The r e s u l t s  show the  same bas ic  t rends as f igure  l l ( a ) .  

Comparison of heat- t ransfer  rates.- The t e s t  r e s u l t s  i n  the  form of 
instantaneous average hea t - t ransfer  r a t e s  a re  p lo t t ed  i n  f igure  1 2 ,  referenced 
t o  t he  cross-sect ional  area, as a function of ve loc i ty .  Considering the  extreme 
var ia t ions i n  l o c a l  heat t r ans fe r  it i s  surpr is ing t o  note how closely these 
curves are grouped. 
t i o n  of k ine t i c  energy appearing as heat t ransfer red  t o  the  vehicle - namely, 
the lower the  drag coef f ic ien t ,  t he  higher t he  heating load. 
noted t h a t  the  veloci ty  dependence, t he  exponent 

e n t  with the  r e su l t s  i n  f igure  11, which show a d i f f e ren t  ve loc i ty  dependence 
f o r  the  two configurations.  The explanation i s  t h a t  t he  CD of the  hemisphere 
i s  independent of ve loc i ty ,  but t he  CD 
approximately a s  1 / V .  The e f f ec t  of t h i s  on the  t o t a l  heat t ransfer red  t o  the  
model may be seen by r e fe r r ing  t o  equation (8 ) .  

These resu l t s  follow the  same t rend exhibited by t h e  frac- 

It i s  fu r the r  
n, i s  almost i den t i ca l  f o r  t he  

I hemisphere and the  Go0 blunted cone. A t  first glance t h i s  would seem inconsist-  

of the  60° blunted cone decreases 

, When considered i n  the  context of equation ( 5 ) ,  t he  slopes of the  curves i n  
I 

I f igure  1 2  a re  equal t o  the  exponent n .  
the  heating ra te  increases with ve loc i ty .  

The la rger  t he  value of n, t he  f a s t e r  
~ 

Dimensionless heat- t ransfer  parameter.- The heat- t ransfer  r a t e s  were 
reduced t o  the  dimensionless form, average Stanton number, St, defined as 

where the  subscript  ns r e f e r s  t o  conditions behind the  normal shock, and 
hr and hw 
heating r a t e s  over b lunt  bodies,  hr ranges from being equal t o  stagnation 
enthalpy, h s t ,  a t  t he  stagnation poin t ,  t o  some la rge  f r ac t ion  of 
downstream of the stagnation point  (e .g . ,  h r  = 0.935 hs t  
hemisphere, r e f .  6 ) .  
chose hr  = h s t .  

are the  recovery and w a l l  enthalpies ,  respec t ive ly .  For the  case of 

hs t  
a t  the  shoulder of a 

a t  points  

Since these  f r ac t ions  are always l a rge ,  f o r  s implici ty ,  we 

The model surface temperature, and therefore  h,, i s  cont inual ly  changing 
during f l i g h t .  
and it rises very rapidly a t  t he  high speeds, then diminishes as the  heating 
r a t e  decreases with decreasing ve loc i ty .  A check of t he  model temperature dis-  
t r i b u t i o n  near t he  surface w a s  made using an  e l e c t r i c a l  heat flow analog ( r e f .  7) 

It s tar ts  out uniform and equal t o  gun temperature before launch 
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The surface temperature was found t o  be a t  a l l  times low compared t o  the  
recovery temperatures, as w a s  borne out by the  f a c t  t h a t  no indicat ions of 
melting of the  model surface were observed on recovered models. 
cold-wall assumption w a s  used f o r  hw; t h a t  i s ,  hw = hrni. 

Therefore t h e  

A remark can a l s o  be made concerning t h e  uniformity of w a l l  temperature i n  
t h e  d i rec t ion  of flow. The temperature d i s t r i b u t i o n  from t h e  analog simulation 
indicated t h a t  t h e  departure from isothermal w a l l  conditions i s  small compared 
t o  the  recovery temperatu:re. Therefore t h e  r e s u l t s  of the  present t e s t s  can be 
considered as good approximations t o  isothermal w a l l  heat- t ransfer  data. 

Shown i n  f igure  1.3 i s  t h e  product of Stanton number, based on maximum cross- 
sec t iona l  area, and t h e  square root  of tlne Reynolds number, based on propert ies  
behind the  normal shock, as a function of stagnation enthalpy f o r  t h e  various 
configurations a t  zero angle of a t t a c k .  It can be seen t h a t  p lo t ted  i n  t h i s  
manner t h e  present t e s t  data appear t o  cor re la te  very wel l  and there  appear t o  
be only small changes i n  S G  with stagnation enthalpy. 

Drag Data 

Knowledge of t h e  drag h is tory  w a s  e s s e n t i a l  t o  the  reduction of the  t o t a l  
heat- t ransfer  data .  
t e s t e d  a r e  shown p l o t t e d  as a function of h c h  number. These data were obtained 
from t h e  l o c a l  slopes of %he Zn V versus x curves and, hence, give drag coef- 
f i c i e n t s  a t  several  Mach numbers. I n  t h i s  f igure  a r e  the  r e s u l t s  f o r  the hemi- 
sphere and t h e  60° blunted cone. These r e s u l t s  cover t h e  speed range from sub- 
sonic t o  a Mach number of about 4.5 and show t h e  c h a r a c t e r i s t i c  transonic 
hump. 
f l i g h t  results f o r  l a r g e r  models and higher b c h  numbers shows very good 
agreement . 

In  f5gw-e 14 t h e  drag coef f ic ien ts  of the  configurations 

CD 
Comparison shown i n  t h i s  f igure  of t h e  present r e s u l t s  t o  e a r l i e r  f ree-  

SUMMARY OF RESULTS 

A new technique :for obtaining experimental hea t - t ransfer  data a t  high speeds 
has been presented. ‘fie technique, once developed, i s  very simple t o  use. 
Furthermore, it has the  p o t e n t i a l  of being r e l a t i v e l y  accurate compared t o  other 
heat- t ransfer  measurement techniques. 
were compared with theory and were found t o  be i n  very good agreement. A disad- 
vantage of the  technique i s  t h a t ,  i n  some cases,  many data  points  a r e  required 
t o  obtain t h e  desired r e s u l t s  - f o r  example, where heat t r a n s f e r  i s  a strong 
function of angle of a t tack .  

The heat- t ransfer  r e s u l t s  f o r  a hemisphere 

Possible appl icat ions of the  technique not considered i n  t h i s  report  a r e  
determination of heat t r a n s f e r  i n  gases other than a i r  and measurement of heat 
absorbed by ab la t ing  bodies. 



The heat- t ransfer  c h a r a c t e r i s t i c s  of the  two blunt  bodies measured by t h i s  
technique showed t h a t  t h e  port ion of the  i n i t i a l  k i n e t i c  energy which appears as 
heat t ransfer red  t o  t h e  model w a s  highest f o r  the  model with lowest drag coef- 
f i c i e n t .  A similar t rend  w a s  evident f o r  the  heat- t ransfer  r a t e s  based on t h e  
maximum cross-sect ional  a rea .  The e f f e c t  of stagnation-point enthalpy on the  
heat- t ransfer  parameter, St &, was small. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F ie ld ,  Calif . ,  Apri l  11, 1963 
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APPENDIX A 

EXTFJUBOUS HEAT SOURCES 

A s  noted i n  the  t e x t ,  there  a r e  severa l  extraneous heat sources and sinks 
which could give r ise  t o  e r r o r s  i n  t h e  aerodynamic heat ing da ta ,  including: 

1. Heating due t o  shock-heated gases i n  f ron t  of t h e  model while t h e  model 
i s  t ravers ing  t h e  lav.nch tube.  

2. Heating caused by propel lant  leaking through sabot t o  model. 

3. Heat l o s s  dc.e t o  long subsonic f l i g h t .  

4. Heating and/or cooling due t o  catcher and funnel. 

Items 1 and 2 were discussed i n  some d e t a i l  i n  t he  t e x t ;  however, a b r i e f  
descr ip t ion  of t h e  exkent t o  which these  sources of heat w e r e  el iminated i s  
included here .  The complete enclosure of t h e  model by t h e  sabot,  along with t h e  
p a r t i a l  evacuation of t he  launch tube,  w a s  thought t o  completely eliminate 
heat ing r e su l t i ng  f r o m  i t e m  1. 

The heat ing r e su l t i ng  from item 2 w a s  as high as 100 percent of G e r o  
when no obturat ion cup w a s  used. The effect iveness  of the  obturation cup i n  
reducing t h i s  heating w a s  ascer ta ined from several  t e s t  shots with gas sea l s  of 
various designs.  (Several- shots  with various length gas seals were f i r e d  a t  t h e  
same launch veloci ty;  when the  heat input w a s  p lo t t ed  versus t h e  length of gas 
sea l ,  t h e  curve appeared to approach a constant value which was considered t o  be 
the  case of zero heat ing by gun gases . )  The obturation cup used f o r  a l l  t e s t s  
included i n  t h i s  repor t  appeared t o  reduce t h i s  heating t o  about 7 or  8 percent 
of h e r o .  Additional heat protect ion,  consis t ing of t h i n  sheets  of mylar placed 
over the base of t he  :nodel.s with f la t  bases ,  appeared t o  further reduce t h i s  
heating t o  a couple of percent of h e r o .  

Heat i s  l o s t  fro:n t he  model during tihe r e l a t i v e l y  "long" subsonic f l i g h t  
time t o  the  catcher of approximately 0 .1  second. The e l e c t r i c a l  heat  flow 
analog computer a t  Ames wa.s programmed t o  represent  t h e  thermal proper t ies  of 
t h e  hemisphere model and the  heat t r a n s f e r  t o  t h e  model. 
"flown" from 10,000 f e e t  per second t o  1,000 f e e t  per second and then t h e  f ron t  
face inputs  were switched t o  represent  cooling t o  t h e  atmosphere ( i . e . ,  hr = h,) . 
In  0.1 second of " f l i gh t "  two percent of t h e  modelts t o t a l  heat w a s  l o s t .  
t h e  average cooling ri%te during subsonic f l i g h t  i s  numerically l e s s  than t h e  
1,000 f e e t  per second cooling rate which w a s  employed, it can be concluded t h a t  
t he  subsonic f l i g h t  heat losses  a r e  negl ig ib le .  A t  subsonic f l i g h t  times longer 
than 0.2 second the  cooling would increase rapidly; therefore  the  catch should 
be made a t  as high a subsonic speed as possible .  I n  t h e  present tests,  catches 
were made between 300 and 800 f e e t  per second. 

The model w a s  then 

Since 



The heating of the  model i n  passing through t h e  catcher and funnel 
combination i s  f r o m t h r e e  sources: deformation of the  model; f r i c t i o n  between 
model and paper; ar,d conduction between model, paper, and a i r .  The models were 
examined under a microscope a f t e r  they had penetrated the  sheets of paper and 
no sign of deformation w a s  evident .  It w a s  therefore  f e l t  t h a t  the  heating due 
t o  deformation w a s  negl igible .  The other two sources of heat t r a n s f e r  were 
d i f f i c u l t  t o  analyze, and since the  models enter  the  catcher with k i n e t i c  energy 
of the  same order of magnitude as the t o t a l  aerodynamic heating, t h i s  extraneous 
heating could be large i f  a subs tan t ia l  f r a c t i o n  of t h i s  energy were converted 
t o  heat i n  the model. 

To assess  the  amount of extraneous heating i n  the  catcher-funnel, a 
compressed a i r  gun w a s  b u i l t  so t h a t  t h e  major port ion of the  b a r r e l  passed 
through a temperature-controlled oven. This gun w a s  s e t  up t o  f i r e  i n t o  the 
catcher-funnel-calorimeter combination. Two s e r i e s  of t e s t s  were conducted with 
a l /&-inch aluminum sphere used as the  t e s t  model. 
launched cold ( i . e . ,  a t  the same temperature as the  catcher)  t o  minimize con- 
duction e f f e c t s  i n  t h e  catcher .  Launches were made a t  various v e l o c i t i e s  and 
therefore various numbers of sheets of catcher paper were penetrated.  The meas- 
ured heat input increased s i g n i f i c a n t l y  with the  number of sheets penetrated; it 
w a s ,  however, l e s s  than one- th i r t ie th  of the  avai lable  k i n e t i c  energy. The 
second t e s t  was conducted with t h e  model heated t o  between 35' t o  40' F above the  
temperature of the  catcher .  I n  t h i s  case the  difference i n  thermal energy ( i . e . ,  
measured minus calculated)  a t  f irst  decreased and then increased with increasing 
number of sheets penetrated (increasing ve loc i ty) ;  it w a s  zero a f t e r  about 28 
sheets were penetrated.  This ind ica tes  t h a t  a t  f irst  the heating i n  t h e  catcher 
i s  control led by conduction losses  and f i n a l l y  f r i c t i o n  heating gains control  
and t h e  heating increases.  The maximum e r r o r s  r e s u l t i n g  f romthese  e f f e c t s  i n  
the  a c t u a l  heating experiments occurred a t  the lower speeds where they were as 
high as *lo percent of the  t o t a l  aerodynamic heating (tl.OXlO-* Btu) .  

In  one, the  model w a s  

Two comments are i n  order as t o  the  catcher-f'unnel e r r o r s .  F i r s t ,  t h e  
paper used i n  t h i s  catcher w a s  t h e  only mater ia l  t r i e d .  
t h a t  it i s  the  optimum from a heat- t ransfer  standpoint. Secondly, t h e  simple 
experiment indicated t h a t  even the  10-percent e r r o r  could be p a r t i a l l y  eliminated 
i f ,  with a setup similar t o  the  one described, the  heating i n  the  catcher were 
determined carefu l ly  f o r  each configuration. 

It i s  not very l i k e l y  
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APPENDIX B 

THE CALORIMETER AND ITS CALIBRATION 

Basical ly ,  t h e  calorimeter consis ted of a t h i n  s i l v e r  cup i n t o  which the  
model w a s  dropped, a heat sink t o  d i s s ipa t e  the  hea t ,  and a control led conduction 
path between the  cup and heat s ink.  Each of these elements had a pa r t i cu la r  
funct ion and i n  some cases more than one function. A quarter-sect ional  view of 
t h e  calorimeter can be found i n  f igure  7. 

S i lver  Cup 

The s i l v e r  cup acted as a receiver  and transducer f o r  t h e  hot model. Since 
t h e  e l e c t r i c a l  signal. representing model t o t a l  heat  w a s  obtained from a thermo- 
p i l e  a t tached t o  the  cup, it w a s  important t o  keep the  heat capacity of the  cup 
very low and t h e  d i f f u s i v i t y  high. Thus the  s i l v e r  cup had t o  be as small and 
as t h i n  (approximately 0.1303 i n .  w a l l  th ickness)  as possible  so it could come t o  
an equilibrium temperature with the  hot model very rap id ly  and a l s o  have a f a i r l y  
high temperature with a small heat input .  The cup w a s  instrumented with a ther -  
mopile consis t ing of 7 iron-constantan t:hermocouples on t h e  bottom ex te r io r .  Six 
of these were connected i n  s e r i e s  with 6 reference junctions located i n  the  heat 
s ink.  The seventh thermocouple was used t o  determine absolute temperatures. 

Heat Sink 

The heat sink was constructed of two la rge  blocks of phosphor bronze. 
The s i l v e r  cup w a s  suspended i n  a cavi ty  i n  t h e  lower block. Also buried i n  the 
lower por t ion  of the lower block were 7 more iron-constantan thermocouples which 
u t i l i z e  the  heat  sink as a constant temperature reference mass. The purpose of 
two la rge  blocks w a s  t o  provide a su f f i c i en t ly  la rge  heat capaci ty  s o  t h a t  t h e  
temperature l e v e l  did not change more than a few thousandths of a degree during 
a shot and while temperatures were being recorded. This w a s  necessary because 
the  heat sink w a s  used as a reference temperature f o r  t h e  6 iron-constantan ther -  
mocouples. The upper block served t o  cover t h e  cavi ty  where the  s i l v e r  cup w a s  
suspended. 
This hole w a s  l i ned  with a low conductivity p l a s t i c  t o  minimize any heat t r a n s f e r  
due t o  contact with the  model as it dropped through t.0 the  cup. 

The model entered t h e  cup through a conical  hole i n  the  upper block. 

Conduction path.-  The suspension system f o r  t h e  cup a l s o  acted as the  
control led conduction path between the  cup and the  heat s ink.  The conduction 
path consisted of th ree  small t h i n  support arms made of low conductivity epoxy 
r e s i n .  These were fastened between the  upper l i p  of t he  cup and the  r i m  of t he  
cavi ty .  The cross  sect ion of these supports was made so  that t h e  major port ion 
of t he  heat f r o m t h e  :hot model would be t r ans fe r r ed  t o  the  heat  sink i n  about 
10 t o  15 minutes. It w a s  necessary t o  use very f i n e  thermocouples (0.001-inch 
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diameter wire) on the  cup t o  minimize t h e i r  heat capacity and the  conductivity 
between the cup and the  heat sink. The excess volume of the  cavity w a s  f i l l e d  
with foamed p l a s t i c  so that there  would be no f r e e  convective heat t r a n s f e r  from 

I the  cup. 

TB 
Heat Heat 
Source Sink 

TA 

With the  calorimeter constructed as described above, the  measuring of the 
heat t r a n s f e r  can be expressed schematically as shown i n  sketch ( a ) .  

Conduction 

Sketch (a) 

It i s  obvious f r o m t h i s  sketch t h a t  the  heat t r a n s f e r  from source t o  sink i s  as 
follows : 

thus 

Q E AQ = K1 [ T A ( t )  - TBIdt 

Energy added 
t o  calorimeter 

v i a  model 

The output of the  thermopile i s  proportional t o  the instantaneous 
- TB and i s  fed  i n t o  an electromechanical in tegra tor  

which solves equation , yielding AQ/Kl .  
temperature difference 

I Calibration of the  Calorimeter 

The calorimeter w a s  ca l ibra ted  t o  determine the  constant K1 and t o  
determine the  e f f e c t s  of several  var iables  on K1. 

&sica l ly ,  the  c a l i b r a t i o n  setup consisted of an oven suspended over the  
calorimeter.  The model w a s  placed i n  t h e  oven, allowed t o  come t o  some known 
steady-state  temperature, and dropped i n t o  t h e  calorimeter.  
output, AQ./Kl, of the thermopile w a s  then read and p l o t t e d  versus the  calculated 
energy placed i n t o  t h e  calorimeter v i a  the  hot model. 

The integrated 

(There w a s  a rad ia t ion  
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sh ie ld  between the  oven aiid calorimeter a t  a l l  times except during t h e  dropping 
of t he  model.) 
of calculated heat  input versus in tegra ted  values of 
s t r a i g h t  l i n e ,  t h e  slope of which w a s  t h e  value of K1. The ca l ib ra t ions  were 
repeated with var ia t ions  of model geometry, model o r i en ta t ion  i n  cup, model 
mater ia l ,  and nonuniformtemperatures i n  the  model. The value of K1 w a s  found 
t o  be constant within. +3 percent over a range of t h e r m 1  energies from 0.5X10-3 
t o  ~ O X ~ O - ~  Btu. 
f i gu ra t ions  of t h e  present t e s t  and a l/I+-inch aluminum sphere. 
models were aluminum; however, severa l  preliminary ca l ib ra t ions  using a l /b-inch 
Teflon hemisphere gave e s s e n t i a l l y  t h e  same r e s u l t s .  The condition of nonequi- 
l ibr ium temperature d i s t r i b u t i o n  i n  t h e  model w a s  simulated by dropping two 
models a t  t h e  same time but with d i f f e ren t  temperatures. 
agreement w a s  wel l  within the  3 percent .  

This process w a s  repeated a t  various oven temperatures. The p lo t  
AQ/K1 resu l ted  i n  a 

The mode:L geometries f o r  these ca l ib ra t ions  were t h e  two con- 
Most of t he  

Here again the  



APPENDIX C 

REDUCTION OF THE TOTAL HEAT-TRANSFER DATA 

TO HEAT-TRANSFER RATES 

The t o t a l  heat absorbed by a nonablating vehicle i n  decelerating f l i g h t  i s  
given by equation (8) of the  t e x t  as 

For the  case of constant drag coef f ic ien t ,  equation ( C l )  can be i n t  
d i r e c t l y  t o  give 

Zrated 

I n  a l l  cases the  launch ve loc i ty  i s  much grea te r  than the  catch ve loc i ty  and the  
value of n, as determined by theory and substant ia ted experimentally, i s  usually 
about 3; therefore ,  

and equation (C2) reduces t o  

If equation ( C 3 )  i s  physically r e a l i s t i c ,  we see t h a t  the  t o t a l  aerodynamic 
heating should be a power-law function of the  launch velocity;  therefore  a p l o t  
of versus launch ve loc i ty  on a logarithmic p l o t  r e s u l t s  i n  a s t r a i g h t  
l i n e ,  the  slope of which i s  equal t o  t h e  exponent ( n - i ) ,  and the  constant K2 
i s  the  value of &aero a t  t h e  one-foot-per-second in te rcept .  Figure 9 shows 
t h a t  the  data obtained do f a l l  i n  an approximately s t r a i g h t  l i n e .  
method of applying equation ( C l )  which allows var ia t ion  i n  
squares fit t o  the  avai lable  data  was therefore  developed as follows. 

$aero 

A systematic 
CD and i s  a l e a s t  
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Least Squares Analysis 

I n  the  least squares ana lys i s  t h e  model ve loc i ty  was assumed t o  be known 
exact ly .  The sum of the  res idua ls  u can be wr i t t en  as 

where the  subscr ipt  exp r e f e r s  t o  t h e  experiment, and the  summation extends 
over a l l  t he  experimental. po in ts .  
t o  K 2  s e t  equal t o  zero y i e lds  the val-ue of K2 f o r  a pa r t i cu la r  n which 
minimizes t h e  sum of t he  res idua ls  for t h a t  value of n .  

The der ivat ive of equation ( C 4 )  with respect  

where 

Thus, t he  bes t  f i t t i n g  value of K2 i s  given by 

This procedure w a s  applied for severa l  t r i a l  values of n and the  corresponding 
sums of the  residual:; were p lo t t ed  versus n.  The value of n a t  the  minimum 
of t h i s  curve along with the  corresponding value of K2 w a s  se lected as the  
best f i t  t o  the  data. This graphical  se lec t ion  i s  equivalent t o  taking the  
der ivat ive of equation (C4) with respect  t o  s e t t i n g  it equal t o  zero and 
solving t h a t  equation and (C5) simultaneously for K2 and n; t he  graphical  
method, however i s  simpler. 

n 
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Hemisphere 

t 
d=0.200" 

60" blunted cone 

Figure 3.- Test configurations. 
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Section A - A  

Material  : Lexan 

( a )  Typical sabot 

r 
A 

Material : Polyethylene 

(b) 

Figure 5.- SectLonal drawing of a typical sabot and gas seal. 
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Figure 7.- Quarter-sectional drawing of the calorimeter.  
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Figure 11.- Comparison of t o t a l  heat t r a n s f e r .  
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